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CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application is a continuation of U.S. Patent Application Serial No. 10/648,551, filed 
on August 25, 2003, and incorporated herein by reference. 

FIELD OF INVENTION 

[0002] This invention relates to micro-electro-mechanical system (MEMS) devices, and more 
particularly to MEMS scanning mirrors. 

DESCRIPTION OF RELATED ART 

[0003] Various electrostatic comb actuator designs for MEMS scanning mirrors have been 
proposed. The extensive applications of these devices include barcode readers, laser printers, 
confocal microscopes, projection displays, rear projection TVs, and wearable displays. 
Typically a MEMS scanning mirror is driven at its main resonance to achieve a large scan angle. 
To ensure a stable operation, it is crucial to ensure the mirror and its associated movable 
structure will vibrate in the desired mode shape at the lowest and main resonant frequency. In 
addition, this main frequency has to be separated far from other structural vibration frequencies 
to avoid potential coupling between the desired and the undesired mode shapes. 

[0004] The undesired structural vibrations will increase the mirror dynamic deformation and 
result in degraded optical resolution. Furthermore, some of the structural vibration modes may 
cause the rotationally movable and stationary comb teeth to come into contact and break the 
actuator all together. Two or more structural vibration modes with close resonant frequencies 
may be coupled to produce high vibration amplitude that leads to hinge failure. Thus, an 
apparatus and a method are needed in the design of MEMS scanning mirrors to effectively 
improve the vibration stability at resonance, and to ensure optical resolution of these devices. 
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SUMMARY 



[0005] In one embodiment of the invention, a MEMS scanning mirror device includes a 
scanning mirror, rotational comb teeth, stationary comb teeth, distributed serpentine springs, and 
anchors. The scanning mirror and the rotational comb teeth are driven by electrostatic force 
from stationary in-plane and/or out-of-plane teeth. The mirror is connected to the rotational 
comb structure by multiple support attachments. Multiple serpentine springs serve as the flexible 
hinges that link the movable structure to the stationary support structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] Figs. 1 A, IB, and 1C illustrate top views of the layers in a MEMS device in one 
embodiment of the invention. 

[0007] Figs. 2 A, 2B, and 2C illustrate top views of the layers in a MEMS device in another 
embodiment of the invention. 

[0008] Fig. 3 illustrates a deformation of a scanning mirror in one embodiment of the invention. 
DETAILED DESCRIPTION OF THE INVENTION 

[0009] Fig. 1 A illustrates a MEMS scanning mirror device 100 in one embodiment of the 
invention. Device 100 includes a top layer 100A (Fig. IB) and a bottom layer 100B (Fig. 1C). 

[0010] Referring to Fig. IB, top layer 100A includes rotational comb teeth 108 that are 
connected on opposing sides of beam-like structures 103 A and 103B. Proximate ends of beams 
103 A and 103B are connected by multiple support attachments 102 to opposing sides of a 
scanning mirror 101. In other words, each beam is connected at multiple locations to scanning 
mirror 101. The positions and the number of support attachments 102 are carefully chosen 
through finite element analysis to minimize dynamic deformation of scanning mirror 101. By 
reducing dynamic deformation of scanning mirror 101 with support attachments 102, the optical 
resolution of device 100 is improved. 

[0011] Beams 103A and 103B are attached by eight serpentine springs/hinges 105A to 105H to 
bottom layer 100B (Fig. IB) in a distributed manner along the rotational axis (e.g., the x-axis) of 
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scanning mirror 101. Specifically, the distal end of beam 103 A is connected by spring/hinge 
105 A to anchor 104A, and the distal end of beam 103B is connected by spring/hinge 105H to 
anchor 104H. Along their lengths, beam 103 A is connected by springs/hinges 105B to 105D to 
corresponding anchors 104B to 104D, and beam 103B is connected by springs/hinges 105E to 
105G to corresponding anchors 104E to 104G. In one embodiment, springs 105B to 105G are 
located within beams 103 A and 103B. Anchors 104A to 104H are mounted to bottom layer 
100B (Fig. 1C). 

[0012] Top layer 100A may include stationary comb teeth 109. In one embodiment, stationary 
comb teeth 109 provide the electrostatic biasing force used to increase the driving efficiency of 
the movable structure by tuning its modal frequency. In another embodiment, stationary comb 
teeth 109 provide the electrostatic driving force to drive scanning mirror 101. In yet another 
embodiment, stationary comb teeth 109 provides both the electrostatic biasing force and the 
electrostatic driving force. 

[0013] Referring to Fig. 1C, bottom layer 100B includes surfaces 106 A to 106H that serve as 
anchoring surfaces for the movable structure in top layer 100 A (Fig. 1A). Specifically, anchors 
104A to 104H are bonded to corresponding surfaces 106A to 106H. Cavity 107 accommodates 
the rotation of scanning mirror 101 without touching bottom layer 100B. In one embodiment, 
stationary comb teeth 1 10 provide the electrostatic driving force to drive scanning mirror 101 . In 
another embodiment, stationary comb teeth 110 provide the electrostatic biasing force used to 
increase the driving efficiency of the movable structure. In yet another embodiment, stationary 
comb teeth 1 10 provides both the electrostatic driving force and the electrostatic biasing force. 
Stationary comb teeth 109 and 1 10 are interdigitated with rotational comb teeth 108 when 
viewed from above. 

[0014] As described above, springs 105 A to 105H are distributed along beams 103 A and 103B. 
By carefully adjusting the distribution of the torsional and translational stiffness of these springs, 
all modal frequencies of the movable structure can be effectively separated and the desired 
rotational mode can be designed at the lowest resonance frequency. Since the main resonant 
frequency is the lowest and far apart from other structural modal frequencies, the mirror rotation 
will not excite any other undesired vibration mode. 



[0015] Using multiple springs, the maximum stress and strain on each individual spring is 
noticeably lower than conventional scanning mirror designs supported by only a pair of torsional 
beams. Therefore, the distributed spring design significantly improves the device reliability. In 
summary, the system reliability and the servo and the optical performance are all improved with 
embodiments of the invention. 

[0016] Fig. 2 A illustrates a MEMS scanning mirror device 200 in one embodiment of the 
invention. Device 200 includes a top layer 200A (Fig. 2B) and a bottom layer 200B (Fig. 2C). 

[0017] Referring to Fig. 2B, top layer 200A includes a mirror 201 connected by multiple support 
attachments 202 to beam 203 A and 203 B. Mirror 201 and support attachments 202 are similar to 
those shown in Fig. IB. Rotational comb teeth 208 are connected to one side of beams 203 A and 
203B. 

[0018] Beams 203A and 203B are connected by springs/hinges 205A to 205H to stationary 
surface 204 of top surface 200A in a distributed manner along the rotational axis of scanning 
mirror 201. Specifically, the distal end of beam 203 A is connected by spring/hinge 205 A to 
surface 204, and the distal end of beam 203B is connected by spring/hinge 205H to surface 204. 
Along their lengths, beam 203A is connected by springs/hinges 205B to 205D to surface 204, 
and beam 203B is connected by springs/hinges 205E to 205G to surface 204. 

[0019] Referring to Fig. 2C, bottom layer 200B includes a cavity 207 that accommodates the 
rotation of scanning mirror 201 without touching bottom layer 200B. In one embodiment, 
stationary comb teeth 210 provide the electrostatic driving force to drive scanning mirror 201. In 
another embodiment, stationary comb teeth 210 provide the electrostatic biasing force used to 
increase the driving efficiency of the moving structure. In yet another embodiment, stationary 
comb teeth 210 provides both the electrostatic driving force and the electrostatic biasing. 
Stationary comb teeth 210 are interdigitated with rotational comb teeth 208 when viewed from 
above. 

[0020] Fig. 3 shows a typical mirror dynamic deformation of a mirror 301. Mirror 301 rotates 
along the x-axis, which points in or out of the page. The total mirror dynamic deformation 302 is 
shown. The x-axis and the y-axis form a plane where the original mirror surface resides. The z- 



axis is used to describe the mirror out-of-plane motion. The mirror dynamic deformation is a 
function of mirror thickness, scanning frequency, mirror size, and rotation angle. The peak-to- 
peak dynamic deformation has to be smaller than one fourth of the wavelength to prevent 
diffraction from limiting the optical performance of the scanning mirror. It is estimated that the 
proposed mirror attachment structures and methods shown in Figs. 1 A and 2 A reduce the mirror 
dynamic deformation up to 50 percents. 

[0021] Various other adaptations and combinations of features of the embodiments disclosed are 
within the scope of the invention. For example, although scanning mirror 201 is driven by 
stationary out-of-plane teeth 210, one can modify the embodiments of the invention so scanning 
mirror 201 is driven by stationary in-plane teeth. Numerous embodiments are encompassed by 
the following claims. 



